Diabetic neuropathy could be caused by nerve and vascular dysfunctions due to the increased activity of the polyol pathway [1] and advanced glycation end products (AGEs) produced under long-term hyperglycaemia [2] . These end products stimulate free radical and cytokine production which could also have a role in the pathogenesis of diabetic neuropathy [2] . We have reported previously that the production of tumour necrosis factor-a (TNF-a) was enhanced under long-term hyperglycaemia in diabetic animal models [3, 4] and humans [5] , and that N-acetylcysteine [6] and pentoxifylline [7] , both known as free radical scavengers and inhibitors of TNF-a production, ameliorated the diabetic neuropathy in streptozotocin (STZ)-induced diabetic rats. These results imply that free radical scavengers or TNF-a inhibitors or both can suppress the development of diabetic neuropathy.
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Summary Free-radical scavengers and inhibitors of tumour necrosis factor-a (TNF-a) such as N-acetylcysteine and pentoxifylline have been shown to inhibit the development of peripheral neuropathy in streptozotocin(STZ)-induced diabetic rats. In this study we examined the effect of troglitazone, an anti-diabetic thiazolidinedione, on diabetic neuropathy, since it also is a free-radical scavenger and a TNF-a inhibitor. Rats were fed powder chow mixed with troglitazone at 0.5 % and 0.125 % ad libitum. Although blood glucose concentrations were remarkably higher and body weight lower in diabetic than in nondiabetic rats, troglitazone had no effect on these throughout the 24-week experiment. Serum lipoperoxide concentrations, tibial nerve lipoperoxide content and serum TNF-a activity induced by lipopolysaccharide was increased in diabetic rats, but inhibited in troglitazonetreated rats. Motor nerve conduction velocity (MNCV) of the tibial nerve slowed in diabetic rats, compared with that in nondiabetic rats. On the other hand, the slowed MNCV was (p < 0.05±0.01) inhibited after weeks 12 and 16 of the experiment in diabetic rats treated with high and low doses of troglitazone, respectively. Morphometric analysis showed that troglitazone suppressed the decrease of the myelinated fibre area (p < 0.05), axon/myelin ratio (p < 0.01) and fascicular area (p < 0.05) and suppressed the increase of myelinated fibre density (p < 0.001) in diabetic rats. These results indicate that troglitazone has a beneficial effect on peripheral neuropathy in STZ-induced diabetic rats irrespective of blood glucose concentrations. [Diabetologia (1998) 41: 1321±1326] Keywords Troglitazone, diabetic neuropathy, free radical scavenger, tumour necrosis factor-a (TNF-a), motor nerve conduction velocity (MNCV). studies have shown troglitazone to be a free radical scavenger [11, 12, 13] and a TNF-a inhibitor [14, 15] . This indicates that troglitazone can inhibit diabetic neuropathy as do N-acetylcysteine [6] and pentoxifylline [7] . In this study, we investigated whether troglitazone has an inhibitory effect on diabetic neuropathy by using STZ-induced diabetic rats.
Materials and methods
Animals and induction of diabetes. Male Wistar/Slc rats aged 12 weeks, with a mean body weight of 270 g were purchased from Clea Japan (Tokyo, Japan). ªPrinciples of Laboratory Animal Careº (NIH publication no. 85±23, revised 1985) were followed in the experiment. Diabetes was induced by i. v. injection of STZ (30 mg/kg body weight) in the tail vein and the rats were defined as diabetic when blood glucose concentration exceeded 16.67 mol/l 24 h after the STZ injection.
Treatment with troglitazone. Low (L) (0.125 %) and high (H) (0.5 %) doses of troglitazone (produced and kindly provided by Sankyo Co., Tokyo, Japan) was mixed with powder chow and orally given ad libitum during the 24-week experiment. Doses of the drug were determined based on the previous reports of animal experiments [9] . Rats were given doses of troglitazone of approximately 10±50 times as much as clinical doses for humans, i. e. 123±529 mg × kg ±1 × day ±1 for rats compared with 400 mg × body weight ±1 × day ±1 for humans [10] . Rats were divided into 5 groups, each consisting of 10 rats: nondiabetic, nondiabetic/troglitazone-high, diabetic, diabetic/ troglitazone-high, diabetic/troglitazone-low. The actual dose of troglitazone intake was calculated from the amount of chow eaten daily.
Measurement of blood glucose, body weight and motor nerve conduction velocity (MNCV). The body weight, blood glucose and MNCV were measured at 0, 4, 12, 16 and 20 weeks of the 24-week-experiment. The blood glucose concentrations were measured by a glucometer (Glutest-E, Kyoto Daiichi Kagaku, Kyoto, Japan) using a glucose oxidase method. Measurement of MNCV was done in the left tibial nerve by a standard method reported previously [16] .
Assay of serum and nerve lipoperoxide. Lipoperoxide was assayed in serum obtained at the end (24 weeks) of the experiment by the thiobarbiturate reaction using a commercial kit (Lipoperoxide-Test Wako, Wako Co., Osaka, Japan). Briefly, malondialdehyde derived from serum lipoperoxide under the acidic condition was reacted with thiobarbiturate and malondialdehyde-thiobarbiturate complex extracted with n-butanol was detected by absorption of 553 nm of fluorescence [17] .
For assay of nerve lipoperoxide, 10±20 mg of the frozen right tibial nerve was homogenized in 1 ml of phosphate-buffered saline by a homogenizer (Polytron, Kinematica, Kriens, Luzern, Switzerland). Homogenate and supernatant (0.05 ml) was processed after centrifugation and measured for lipoperoxide concentration as for the serum described above. Protein concentration in homogenate and supernatant was measured by a Bio-Rad Protein Assay kit (Bio-Rad Laboratories, New York, N. Y., USA). Nerve lipoperoxide content is expressed as nmol/mg protein. Since both homogenate and supernatant gave similar data on lipoperoxide, those from supernatant were used as nerve lipoperoxide.
Assay of serum insulin. Serum obtained at the end (24 weeks) of the experiment was assayed for rat insulin by using a commercial kit (Rat insulin [ 125 I] assay system with magnetic separation, Amersham Life Science, Buckinghamshire, England).
Assay of TNF-a activity. At 22 weeks of the 24-week experiment, each rat was injected with lipopolysaccharide (0.4 mg/ kg) (LPS, E. coli 055: B5 Difco Laboratories, Detroit, Mich., USA) in the tail vein, 90 min later blood was sampled and the serum was isolated and measured for TNF-a activity by using LM cell, a subline of the TNF-sensitive mouse fibroblast (L929), as reported previously [18] .
Morphological analysis of nerve. At the end of the 24-week-experiment, all rats were killed under anaesthesia with ether and the left tibial nerve was dissected and immediately fixed with 2.5 % glutaraldehyde fixative. These specimens were embedded in Epon, sliced into semi-thin cross sections and stained with toluidine blue for light microscopic examination and morphometric analysis. The stained nerve sections were photographed by a digital camera (Olympus BH-2, Olympus Optical Co., Tokyo, Japan) equipped with the TV camera (Nikon DS-505, Nikon, Tokyo, Japan). The fascicular area using the perineurium as the outer border, the myelinated fibre density and myelinated fibre area were measured and analysed by a Statistical analysis. All data are expressed as means ± SD. Statistical significance of differences was calculated by analysis of variance (ANOVA) and the Bonferroni correction for independent samples. P-value of 0.05 or less was considered as significant.
Results
Effect of troglitazone treatment on blood glucose concentrations and body weight. The blood glucose concentrations of diabetic rats were more than 16.67 mol/l 24 h after the STZ injection. Hyperglycaemia remained stable throughout the entire experiment (Fig. 1) . There was no difference in blood glucose concentrations between nontreated rats and troglitazone-treated rats of diabetic and nondiabetic groups, i. e., treatment with troglitazone had no effect on blood glucose concentrations in this experiment. Initially, all five groups had similar body weights. Body weight increased with ageing in nondiabetic and nondiabetic/troglitazone-high rats (Fig. 1) . On the other hand, the diabetic, diabetic/troglitazonehigh, and diabetic/troglitazone-low groups lost body weight and were lighter than nondiabetic rats (p < 0.001). Treatment with troglitazone had no effect on body weight in either diabetic or nondiabetic rats (Fig. 1) .
Inhibition with troglitazone treatment of increased serum lipoperoxide concentrations and nerve lipoperoxide content in diabetic rats. Serum lipoperoxide concentrations and tibial nerve lipoperoxide content were increased (p < 0.01) in diabetic rats compared with nondiabetic rats. The increased lipoperoxide of both serum and nerve was inhibited (p < 0.05) in diabetic/troglitazone-high rats (Fig. 2) .
Inhibition with troglitazone treatment of enhanced lipopolysaccharide (LPS)-induced serum TNF-a activity. Serum TNF-a activity induced by LPS was greatly enhanced in diabetic rats compared with nondiabetic rats. On the other hand, the enhancement of TNF-a activity in diabetic rats was inhibited, but not so strongly, in diabetic/troglitazone-high (p < 0.01) and diabetic/troglitazone-low rats (p < 0.01). Troglitazone treatment did not significantly inhibit the TNF-a activity in nondiabetic/troglitazone-high rats (Fig. 3) .
Effects of troglitazone treatment on MNCV. The MNCV slightly increased with ageing in nondiabetic rats, but decreased in diabetic rats after 4 weeks (Fig. 4) . The slowing of MNCV in diabetic rats was, however, inhibited (p < 0.05±0.01) after week 12 and 16 of the experiment in diabetic/troglitazone-high and diabetic/troglitazone-low rats, respectively. Troglitazone treatment had no effect on MNCV in nondiabetic/troglitazone-high rats.
Effects of troglitazone treatment on nerve morphology. At the end of the 24-week-experiment, the left tibial nerve was morphologically analysed. The mean myelinated fibre area, axon:myelin ratio and fascicular area were diminished in diabetic rats compared with nondiabetic rats and these diminutions were inhibited in diabetic/troglitazone-high rats. Inversely, the mean fibre density was increased in diabetic rats compared with nondiabetic rats but the increase was inhibited in diabetic/troglitazone-high rats (Fig. 5) .
Effects of troglitazone treatment on serum insulin and blood glucose concentrations at the end of experiment. Table 1 shows the serum insulin and blood glucose levels in the nonfasting condition in the rats randomly chosen at the end of the 24-week-experiment. Nonfasting serum insulin was lower and blood glucose concentrations higher in diabetic rats than in nondiabetic rats. Troglitazone treatment had no effect on insulin and glucose concentrations.
Discussion
In this study, treatment with troglitazone inhibited the increased serum lipoperoxide concentrations and nerve lipoperoxide content, the enhanced production of TNF-a and the progression of diabetic neuropathy as do N-acetylcysteine [6] and pentoxifylline [7] .
Rats were given troglitazone mixed with chow for a long term. The doses of troglitazone (123.1± 529.4 mg × kg ±1 × day ±1 ) were higher than clinical doses given to humans [10] but equivalent to a rodent experiment reported previously [9] , in which troglitazone effectively lowered blood glucose concentrations in insulin resistant mice and rats. Troglitazone treatment, however, had no effect on nonfasting serum insulin and blood glucose concentrations in both nondiabetic and diabetic rats. The reason for this could be that the STZ-induced diabetic rats were not insulin-resistant but insulin-deficient. Similarly, troglitazone did not affect the body weight which increased in nondiabetic rats and decreased in diabetic rats. The dose of troglitazone consumed by diabetic/troglitazone-high rats was twice as much as by nondiabetic/troglitazone-high rats, probably due to polyphagia of the diabetic rats.
The slowed MNCV in diabetic rats was suppressed by troglitazone treatment, although the treatment did not improve serum insulin and blood glucose concentrations. The beneficial effect of troglitazone on diabetic neuropathy was also confirmed by morphological analysis at the end of the experiment. Nerve fibre area, axon:myelin ratio and fascicular area decreased and nerve fibre density increased in diabetic rats compared with nondiabetic rats as reported previously [16, 19] . These abnormalities were suppressed in the troglitazone-treated rats.
The exact mechanism(s) of action by which troglitazone inhibited the neuropathy is not known. Recent studies have shown that troglitazone is a potent free radical scavenger [11, 12, 13] , and free radical scavengers do prevent peripheral neuropathy in diabetic rats [20, 21] . The action of troglitazone as a free radi- Nondiabetic/ troglitagonelow * * * * * * * Fig. 3 . Inhibition with troglitazone treatment of enhanced TNF-a production in diabetic rats. The sera were obtained at week 22 of the 24-week-experiment. Each group consisted of 10 rats. **p < 0.01, ***p < 0.001 cal scavenger was also shown in our results, i. e. the increased serum and nerve lipoperoxide in diabetic rats was inhibited by troglitazone. In addition, the enhanced TNF-a production in diabetic rats was also inhibited in the rats given both low and high doses of troglitazone. Recently, PPAR-g ligands, including troglitazone, have been reported to inhibit TNF-a production by macrophages activated in vitro with phorbol ester or okadaic acid but not LPS [22, 23] . These data are not incompatible with our observation that troglitazone did, but not strongly, inhibit the enhanced LPS-induced production of TNF-a under the chronic hyperglycaemic state. Since a sensitive assay of TNF-a such as ELISA was unavailable in rats, serum TNF-a was measured after LPS stimulation in our experiment. In vivo TNF-a production with or without stimulation by other than LPS might be more strongly inhibited by troglitazone. Scavenging of free radicals and TNF-a inhibition by troglitazone could have ameliorated diabetic neuropathy possibly by suppressing the impairment of the microcirculation induced by free radicals [20, 21, 24] or TNF-a [25] or both, although the relative contributions of these effects to the amelioration of neuropathy is obscure. These mechanisms could be involved in our findings showing that the improvement of MNCV by troglitazone was statistically significant after the week 12 or 16 of the experiment, although troglitazone was given from the beginning of the experiment. This implies that troglitazone treatment can affect the later phase of neuropathy, i. e. inhibiting exacerbation of the neuropathy rather than preventing initial events.
In conclusion, treatment with troglitazone inhibited the slowing of MNCV and morphological changes of the peripheral nerve in diabetic rats irrespective of blood glucose concentrations in STZ-induced diabetic rats. 
